The HLA-E gene is characterized by low but wide expression on different tissues. HLA-E is considered a conserved gene, being one of the least polymorphic class I HLA genes. The HLA-E molecule interacts with Natural Killer cell receptors and T lymphocytes receptors, and might activate or inhibit immune responses depending on the peptide associated with HLA-E and with which receptors HLA-E interacts to. Variable sites within the HLA-E regulatory and coding segments may influence the gene function by modifying its expression pattern or encoded molecule, thus, influencing its interaction with receptors and the peptide. Here we propose an approach to evaluate the gene structure, haplotype pattern and the complete HLA-E variability, including regulatory (promoter and 3′UTR) and coding segments (with introns), by using massively parallel sequencing. We investigated the variability of 420 samples from a very admixed population such as Brazilians by using this approach. Considering a segment of about 7 kb, 63 variable sites were detected, arranged into 75 extended haplotypes. We detected 37 different promoter sequences (but few frequent ones), 27 different coding sequences (15 representing new HLA-E alleles) and 12 haplotypes at the 3′UTR segment, two of them presenting a summed frequency of 90%. Despite the number of coding alleles, they encode mainly two different full-length molecules, known as E*01:01 and E*01:03, which corresponds to about 90% of all. In addition, differently from what has been previously observed for other non classical HLA genes, the relationship among the HLA-E promoter, coding and 3′UTR haplotypes is not straightforward because the same promoter and 3′UTR haplotypes were many times associated with different HLA-E coding haplotypes. This data reinforces the presence of only two main full-length HLA-E molecules encoded by the many HLA-E alleles detected in our population sample. In addition, this data does indicate that the distal HLA-E promoter is by far the most variable segment. Further analyses involving the binding of transcription factors and non-coding RNAs, as well as the HLA-E expression in different tissues, are necessary to evaluate whether these variable sites at regulatory segments (or even at the coding sequence) may influence the gene expression profile.
Introduction
The HLA-E gene is a non classical class I Human Leukocyte Antigen (HLA) locus and a member of the human Major Histocompatibility Complex (MHC). The HLA-E locus lays between two of the most variable genes of the human genome (HLA-A and HLA-C), but, so far, it has been considered conserved in terms of nucleotide variability and encoded protein molecules compared to other HLA genes (Beck et al., 1999; Shiina et al., 2009 ). According to the International ImmunoGenetics (IPD-IMGT/HLA) database version 3.29.0, HLA-E presents 26 different coding alleles (or coding sequences) encoding eight different full-length protein molecules (Robinson et al., 2015) .
The HLA-E molecule may influence both the innate and adaptive immunity (Sullivan et al., 2008; Allan et al., 2002; Braud et al., 1999a; Pietra et al., 2009; Pietra et al., 2010; Iwaszko and Bogunia-Kubik, 2011) . HLA-E is broadly expressed in a variety of tissues (Gobin and Van Den Elsen, 2000; Howcroft and Singer, 2003; Wei and Orr, 1990; Kochan et al., 2013) , including the skin, lung, breast, urinary bladder, spleen, bone marrow, kidney, endometrium, placenta, tonsil and others, and it interacts mainly with Natural Killer (NK) cells through the CD94/ NKG2A inhibitory receptors (Borrego et al., 1998; Carretero et al., 1998; Lee et al., 1998a; Llano et al., 1998; Wada et al., 2004; Gunturi et al., 2004; Braud et al., 1998) . In addition, HLA-E may also interact with and activate T CD8 + cells through the T cell receptor (TCR) (Sullivan et al., 2008; Pietra et al., 2009; Pietra et al., 2010; García et al., 2002) . The HLA-E molecule binds to short peptides (usually 9 amino acids) derived from HLA class I signal sequences, thus, it presents self-antigens in a transporter associated with antigen processing (TAP) dependent way (Llano et al., 1998; Braud et al., 1997; O'Callaghan et al., 1998; Lee et al., 1998b) . This peptide binding is related to an immune surveillance mechanism, indicating that the expression machinery and assembly of HLA molecules is operating properly, avoiding NK cytotoxicity (Borrego et al., 1998; Lee et al., 1998b; Braud et al., 1999b) . During pregnancy, for instance, there is an important interaction between HLA-E and the signal peptides derived from HLA-G, which is the main ligand for HLA-E in this scenario. The complex HLA-E/HLA-G signal peptide strongly interacts with NK cell receptors, modulating their activity, which is necessary for adequate placentation (Llano et al., 1998; Wada et al., 2004; Morandi and Pistoia, 2014) . In pathological conditions, such as tumors and/or infections, in which the HLA class I expression profile may be altered, with no HLA class I signal peptides as ligands and/or with no HLA-E expressing at the cell surface, NK cells might act against the affected cells, influencing the outcome of this immune surveillance mechanism via HLA-E (Iwaszko and BoguniaKubik, 2011) .
Also in pathological situations, besides the HLA class I signal peptides, non-self peptides may stabilize the HLA-E molecule and stimulate its expression on the cell surface. Therefore, the NK cell cytotoxicity inhibition via the HLA-E and CD94/NKG2A interaction might configure an escape mechanism when HLA-E is expressed at the cell surface associated with non-self antigens (from pathogens, for instance) (Pietra et al., 2009; Pietra et al., 2010; Iwaszko and Bogunia-Kubik, 2011; Morandi and Pistoia, 2014; Halenius et al., 2015; Wolpert et al., 2012; Bossard et al., 2012; Gong et al., 2012; Zheng et al., 2015; Li et al., 2013) . Among them we may find peptides derived from viral proteins such as gpUL40 (Human Cytomegalovirus, HCMV), BZLF-1 (EpsteinBarr virus, EBV), InflM (influenza matrix protein), core protein from Hepatitis C virus (HCV) and protein gag (Human Immunodeficiency virus, HIV). In addition, bacterial peptides from Salmonella enterica and Mycobacterium tuberulosis and other self peptides such as those related to cellular stress and thermal shock (Hps60), peroxiredoxin isoforms 5 (Prdx5D2 and Prdx5D2,3), ABC MRP7 (ATP-binding cassette transporter, multidrug resistance associated protein), gliadin and variants and Vβ2 TCR Vβ1, may also bind to the HLA-E molecule (Sullivan et al., 2008; Pietra et al., 2009; Pietra et al., 2010; Iwaszko and BoguniaKubik, 2011) .
Moreover, mainly during chronic infections and cellular stress contexts, HLA-E may also interact and present different peptides to T CD8 + lymphocytes restricted to HLA-E, activating them against altered cells (Jørgensen et al., 2012) . Thus, HLA-E operates either modulating the immune response by interacting with CD94/NKG2 receptors of NK cells, or presenting antigens and triggering cytotoxic T cells by TCR (Sullivan et al., 2008; Pietra et al., 2009; Pietra et al., 2010; Iwaszko and Bogunia-Kubik, 2011; García et al., 2002) , which is also important to consider for transplantation. Notwithstanding that, the HLA-E binding peptide repertoire is quite small compared to other HLA molecules. This low peptide repertoire is consistent with the low variability observed so far for the HLA-E locus, mainly in the segment corresponding to the peptide binding site (Carvalho dos Santos et al., 2013; Felício et al., 2014; Veiga-Castelli et al., 2012a; Pyo et al., 2006; Castelli et al., 2015) . Although eight different encoded protein molecules have already been described for HLA-E, only two are actually frequent worldwide. These frequent ones, known as E*01:01 and E*01:03, differ from one amino acid encoded at exon 3, Arginine for E*01:01 and Glycine for E*01:03. This protein conservation may be associated with its key role as an immune response modulator and also during pregnancy, since the fetal HLA-E interacts with the maternal NK cells (Djurisic and Hviid, 2014; Ishitani et al., 2006; Moffett et al., 2015; Guethlein et al., 2015; Meuleman et al., 2015) .
Although HLA-E seems to be conserved in the coding region, these studies are usually conducted using molecular techniques for the evaluation of a subset of known variants, or small segments of the gene. In fact, many studies have reported the variability of exons 2 and 3, while only a few of them evaluated a continuous segment for the coding region or regulatory segments (Carvalho dos Santos et al., 2013; Felício et al., 2014; Veiga-Castelli et al., 2012a; Pyo et al., 2006; Castelli et al., 2015; Olieslagers et al., 2017) . In addition, the regulatory segments, specially the promoter region, have not been properly explored. In fact, only three studies addressed variability in the regulatory segments, two of them concerning the 3′untranslated region (UTR) segment (Felício et al., 2014; Castelli et al., 2015) and the other one exploring the proximal promoter (Veiga-Castelli et al., 2015) . Variable sites at regulatory segments may influence gene expression levels by different mechanisms such as differential binding of transcriptional factors, chromatin remodeling and the binding of microRNAs.
In this study, we present a methodology to evaluate the entire HLA-E segment, including the extended promoter, the complete coding sequence with introns and the complete 3′UTR, by using massive parallel sequencing, in order to characterize extended haplotypes for the HLA-E locus.
Material and methods

Samples
A total of 420 unrelated individuals (82.85% female, mean age of 31.3 years old) from the State of São Paulo, Brazil, accepted to participate in this study and peripheral blood samples were collected. Only 40.47% reported their ethnicity. Considering those, and according to self-reported ethnicity, individuals were classified as Euro-Brazilians (76.47%), Mulattoes (14.11%), Afro-Brazilians (4.11%), Asians (3.53%) and Amerindians (0.59%). The remaining self-declared as "unknown". These proportions are expected for a Brazilian sample from the São Paulo State. These samples may not necessarily represent the Brazilian population, however, considering the Brazilian admixed nature, they are heterogeneous samples and were mainly used for methodological goals. All participants gave written informed consent before blood withdraw and the local Human Research Ethics Committee did approve the study protocol (Protocol 24157413.7.000.5411). DNA was obtained by a salting out procedure, quantified using Qubit Broad Range Assays (Thermo Fisher Scientific Inc., Waltham, MA) and normalized to a final concentration of 50 ng/μL.
HLA-E amplification, library preparation and sequencing
The HLA-E locus was amplified as a unique amplicon of approximately 7694 bp, encompassing its extended promoter segment (2775 nucleotides upstream the first translated ATG, excluding the forward primer segment), the complete coding sequence including all introns, the complete 3′UTR segment and 206 nucleotides downstream the HLA-E locus, excluding the reverse primer segment, according to the annotations provided by the human genome draft (versions hg19 or hg38). Polymerase Chain Reaction (PCR) was carried out using primers HEPR·F 1 : 5′-GCTTCGCAGTGAATGTGGCA -3′ and HE 3 UTR·R 1 : 5′-GGACTCCCTGGGCTTTCTCACCG -3′, in a final volume of 50 μL, containing 1.5U of DNA polymerase and 0.8X of buffer solution (Long PCR Enzyme Mix, Thermo Fisher Scientific Inc., Waltham, MA, USA), 1.5 mM of MgCl 2, 0.20 mM of each dNTP (Invitrogen − Carlsbad, CA, USA) and 0.30 μM of each primer. PCR cycling conditions were: 94°C for 5 min, 35 cycles at 94°C for 30 s, 62°C for 45 s and 68°C for 8 min, finalizing with 68°C for 4 min and hold at 4°C. Amplicons were evaluated by electrophoresis on 1% agarose gel stained with GelRed ® (Biotium, Inc. Hayward, CA).
For the library preparation, we followed the conditions recommended by Illumina NGS protocols for amplicon quantification and sample pooling. Libraries were prepared using Nextera XT Sample Preparation Kit and multiplexed with the Nextera XT Index Kit (Illumina, Inc., San Diego, CA). Library quantification was performed by qPCR using Kapa (Kapa Biosystems, Wilmington, MA) and the fragmentation pattern was evaluated using Agilent High Sensitivity DNA Kits (Agilent Technologies, Santa Clara, CA). Finally, libraries were normalized to the recommended concentration for MiSeq Reagent Kit version V2 (500 cycles, 2 × 250-bp).
Data processing and analysis
All sequences (reads) produced were firstly trimmed for adapters and primer sequences. Sequences were also processed to remove low quality 5′ and 3′ ends using seqtk trimfq with an error rate threshold set to 0.02. After that, to get a reliable mapping of the HLA-related sequences, we used hla-mapper version 0.6 (database version 1.7) Lima et al., 2016) to generate the HLA-E-specific aligned files (BAM format) to the human reference genome version hg19 (www.castelli-lab.net/apps/hla-mapper). This strategy was introduced when the HLA-E variability was evaluated in two African population samples and then performed both in a recent study of HLA-F variability in Brazilian samples (Lima et al., 2016) and HLA-G in Brazilian and Cypriot samples (Castelli et al., 2017) .
After mapping, genotypes were inferred using the Genome Analysis Toolkit (GATK, version 3.6) (Van der Auwera et al., 2013; McKenna et al., 2010; DePristo et al., 2011) : first, we inferred genotypes running the routine HaplotypeCaller per-sample using the GVCF mode with a minimum base quality score set to 20 and not using soft-clipped segments. Genotypes were inferred for nucleotide positions ranging from 30,454,700 to 30,462,100 of chromosome 6, considering the human genome draft version hg19. Then, a multi-sample VCF file was created joining the g.vcf files using the GATK GenotypeGVCFs routine. Variants were annotated based on the dbSNP database version 146. The VCF file was then processed by vcfx version 0.10.1 with default parameters (www.castelli-lab. net/apps/vcfx), as described elsewhere Lima et al., 2016; Castelli et al., 2017) , a strategy that guarantees that only high quality genotypes are passed to a further imputation step. The vcfx-treated VCF file was manually inspected in two segments (one at the promoter and one at intron 5) that presented evidence of genotyping errors due to low sequence complexity and to the presence of repetitive nucleotides. In these segments, many variable sites that were detected by GATK and presented a severe unbalance between alleles were manually removed after inspection of BAM files. This phenomenon was particularly evident at the segment comprising the HLA-E nucleotides −400 to −900 (considering the Adenine of the first translated ATG as nucleotide +1), and almost all variable sites detected within this region by GATK (exception made to a variable site at position −682, which did not present any unbalance) were removed from the analysis due to low quality genotypes. It is not clear whether these removed variable sites really exist or are artifacts because of the low complexity of this segment.
The methodology for haplotype inference has been previously described elsewhere (Castelli et al., 2017) . In brief, the association between each variable site (to infer the two HLA-E sequences of each individual) was inferred using GATK routine ReadBackedPhasing using a minimal Phase Quality Threshold of 2000, which is 100 times higher than the default value. This assures that only alleles from variable sites that are close enough to be present in a same fragment (same read) should be phased. Considering that variable sites are sometimes quite distant from each other in a same sample, not all variable sites were straightforwardly phased. This is particularly evident for the low variable non classical HLA genes such as HLA-E. Moreover, ReadBackedPhasing does not perform phase inference on indels and multiallelic loci. In the present series, 24.46% of the heterozygous sites were phased using GATK. The remaining 75.54% were evaluated using the PHASE algorithm (Stephens et al., 2001) , which also imputed the 0.087% missing alleles after the vcfx treatment. To proceed with the PHASE algorithm analysis, the partially GATK-phased VCF file (obtained with the ReadBackedPhasing algorithm) was converted into an input file for PHASE and an accessory file containing the known phases between variable sites obtained previously by GATK. In some situations, blocks of known phase among variable sites, but with unknown phase among the blocks, were generated, and the PHASE algorithm with 1000 iterations was used to infer the phase between these blocks until a complete pair of haplotypes is defined. The scripts to perform such analysis are available online (https://github.com/erickcastelli/ phase-readbackedphasing).
Because of the HLA-E low variability and the distance between each variable site, the phase between the distal promoter and the coding segment was mainly inferred by the PHASE algorithm and not GATK. After the final PHASE run, it was verified that all inferred haplotype pairs were compatible with the known phases (the ones determined by GATK ReadBackedPhasing algorithm). The output PHASE file was converted into a final phased VCF file. The variable sites with just one occurrence (singletons) were not considered for the PHASE analysis. However, whenever possible, they were manually introduced in the final VCF file.
Allele, genotype and haplotype frequencies were directly counted. Complete sequences for all individuals (one per chromosome) were generated by using vcfx. Nucleotide and haplotype diversities, as well as the adherence of the genotype frequencies to the Hardy-Weinberg expectations, were evaluated using Arlequin 3.5 (Excoffier and Lischer, 2010) . The linkage disequilibrium, considering only variable sites with a frequency higher than 1%, was inferred using the software Haploview 4.2 (Barrett et al., 2005) .
Results
Considering the HLA-E segment here evaluated (please refer to the methods section for segment description), we detected 63 variable sites (Table 1) . Many of these (23.81%) variable sites occurred just once as singletons and were tagged with a "D" at Table 1 . At least 22 variable sites reached polymorphic proportions in this population sample, presenting a minor allele frequency (MAF) higher than 1% (Table 1) . Some of these sites were detected with a MAF higher than or close to 30%. Among them, we could find positions −2143 and −2015 upstream the HLA-E coding sequence, +424 and +756 at exons 2 and 3, respectively, and +3777 and +4776 at the 3′UTR/downstream segments (Table 1 ). All the variable sites here detected and their genotype frequencies are under the Hardy-Weinberg equilibrium expectations. All the variable sites described at Table 1 were included in the haplotype analysis.
Besides the variable sites described at Table 1 , 25 additional singletons were detected (Table 2 ), but not included in the haplotype analysis. They were not included because the ReadBackedPhasing/ PHASE approach, described earlier, could not properly infer the correct phase of these variable sites because they occurred just once, impairing Table 1 List of variable sites detected at the HLA-E gene on a Brazilian population sample considering the segment between nucleotide −2143 and +4776 and the Adenine of the first translated ATG as nucleotide +1.
The region tracked by the IMGT/HLA database is represented with a grey background a Chromosome 6 position considering the human genome draft version hg19. b NOTES: A) Synonymous mutation on exon B) Non-synonymous mutation on exon C) New variable site on region covered by the IPD-IMGT/HLA database (release 3.29.0) D) Singleton with a defined haplotype E) Variable site reported at the 1000 Genomes database, Phase 3 c HLA-E segment: Considering the HLA-E mRNA structure annotated both at the human genome drafts hg19 and hg38, variable sites were classified as 5′ upstream (from −2143 to the PHASE haplotype estimation. Also, there was a great distance between these singletons and the next heterozygous site, impairing the ReadBackedPhasing approach. Considering these singletons (Table 2) and the segment between nucleotides −300 and +3522, which is the HLA-E region tracked by the IPD-IMGT/HLA database, we noticed 16 new variable sites not described at the aforementioned database, including two non-synonymous mutations at positions +1644 (exon 4) and +2009 (exon 5) (tagged with a "B" at Table 2 ), 11 at intron segments and one at the 3′UTR. In addition, a known uncommon nonsynonymous mutation at exon 4 was also detected at position +1822, which characterizes the known allele E*01:09 (Table 2) .
The HLA-E 5′ upstream region (Fig. 1) presented 32 variable sites in approximately 2.5 kb evaluated (Table 3) , 12 of which presenting frequencies higher than 1% in this Brazilian population sample (Table 1) . These 32 variable sites were arranged into 37 haplotypes (Table 3 ). The HLA-E proximal promoter and the 5′UTR segment are quite conserved, since only four low-frequency variants were detected between nucleotides −300 and −1. Since this region is not entirely considered by the IPD-IMGT/HLA database and since there is no nomenclature pattern defined for it, the haplotypes here detected were organized in a descendent frequency order and named as E-Promo-01 to −37 (Table 3 ). The two most frequent haplotypes were E-Promo-01 (40.48%) and EPromo-02 (14.05%) and they differ at only one position (Table 3) .
In order to name the coding haplotypes according to the IPD-IMGT/ HLA guidelines and also to consider the current IMGT/HLA release (3.29.0), the variability between nucleotides −300 and +3522 was converted in complete sequences. We detected 27 haplotypes, which were named following the haplotypes available at the aforementioned database. Most of the sequences were identical to the ones already described, including copies of the alleles E The summed frequency of these well-documented alleles was 95.48%. The remaining sequences configure new HLA-E coding alleles. In these cases, the closest known HLA-E allele was indicated, followed by the mutations eventually observed. These new HLA-E alleles are probably derived from E*01:01:01:01, E*01:03:01:01 and E*01:03:02:01, with novel mutations in different segments (Table 4 ). In addition, in the coding segment, we detected 26 variable sites (Table 1) , 4 of which were detected before the first translated ATG, 7 in exons, 12 in introns and 3 after the stop codon. Of those, 14 might be considered new variable sites according to the IPD-IMGT/HLA database version 3.29.0 (tagged with a "C" at Tables 1 and 2), and they occur mostly in introns or untranslated sequences.
Although 27 haplotypes have been detected, they encode only four different HLA-E molecules (Table 4) , with molecule E*01:01 occurring at a frequency of 57.38% and E*01:03 at a frequency of 41.79%. However, it should be noted that, for this population sample, HLA-E presents additional encoded molecules beyond the ones described at Table 4 . These molecules would have been generated if the singletons described at Table 2 had been included in the haplotype analysis.
The HLA-E 3′UTR is formed by a small segment at exon 7 and the entire exon 8 (Fig. 1) . No variable sites were detected at exon 7 after the Table 2 List of variable sites with a single occurrence (singletons) and without defined haplotype detected at the HLA-E gene on a Brazilian population sample considering the segment between nucleotide −2143 and +4776 and the Adenine of the first translated ATG as nucleotide +1.
The region tracked by the IMGT/HLA database is represented with a grey background. a Chromosome 6 position considering the human genome draft version hg19. b NOTES: A) Synonymous mutation on exon B) Non-synonymous mutation on exon C) New variable site on region covered by the IPD-IMGT/HLA database (release 3.29.0) D) Variable site detected certainly at once but with missing alleles E) Variable site reported at the 1000 Genomes database, Phase 3 Others: The non-synonymous mutation at exon (B) are accompanied with notes about the associated allele at IPD-IMGT/HLA or the amino acid change. Asp: Aspartic acid; Asn: Asparagine; Pro: Proline; His: Histidine. c HLA-E segment: Considering the HLA-E mRNA structure annotated both at the human genome drafts hg19 and hg38, variable sites were classified as 5′ upstream (from −2143 to stop codon. Twelve haplotypes were detected at exon 8 (Table 5) , and 5 of them had previously been described in African samples (3UTR-1, 3UTR-2, 3UTR-3, 3UTR-4 and 3UTR-5) . Thus, the new haplotypes were arranged in descendent frequency order and named as 3UTR-8 to 3UTR-14 (Table 5 ). The most frequent haplotypes, known as 3UTR-1 and 3UTR-2 present a summed frequency of 89.41% and differ by a single variable site, at +3777 (Table 5) .
The haplotypes detected for each segment (promoter, coding and 3′UTR) were then combined as extended haplotypes (Fig. 1, Table 6 ). Table 6 also includes the association of each extended haplotype and a downstream variable site at position +4776. We detected 75 extended haplotypes in this Brazilian sample, 13 of which presenting a frequency higher than 1% (Table 6 ). Two sets of general associations can be noticed: (a) the association between E-Promo-01 or similar haplotypes (EPromo-05, −06, −09, −12, −14, −16, −18, −19, −22, −25, −26, −33 and −37), the coding allele group E*01:01:01 and the 3UTR-1 haplotype; and (b) E-Promo-02 or similar haplotypes (E-Promo-15, −17, −21 and −24), the coding allele E*01:03 and 3UTR-2. However, these associations are not straightforward.
Linkage disequilibrium (LD) was also assessed along the entire HLA-E segment, and a low LD pattern was observed (Fig. 2B) , with two segregation blocks at the promoter segment, one at the coding region Fig. 1 . HLA-E segments for haplotype analysis. The 5′ upstream segment (distal promoter, proximal promoter and 5′UTR) variability and haplotypes are represented at Table 3 , comprising nucleotides from −2143 to −1 (considering the Adenine of the first ATG translated as nucleotide +1). The coding segment is covered by the IPD-IMGT/HLA database, from nucleotide −300 to +3522, and these haplotypes are represented at Table 4 . The 3′untranslated region (UTR)/exon 8 haplotypes are represented at Table 5 , considering nucleotides from +3218 to +4674. The extended HLA-E segment haplotypes are represented at Table 6 (considering the promoter, coding and 3′UTR segments and also the 3′ downstream region up to nucleotide +4776).
Table 3
List of the HLA-E 5′ upstream and 5′ untranslated region haplotypes found in a Brazilian population sample. a Haplotypes were named considering the frequency in descending order. b The position was calculated following the pattern used by the IPD-IMGT/HLA database, i.e, nucleotide +1 is the Adenine of the first translated ATG. c The alternative alleles are represented with a grey background.
formed by only two variable sites (positions +424 and +756) and another at the 3′UTR segment. Nucleotide diversity was also assessed allowing us to conclude that the 5′ upstream region is the most variable HLA-E segment (Table 4) , while the coding region is the most conserved one (Table 3) .
Discussion
The HLA system is considered the most polymorphic segment of the human genome, and this polymorphism is functionally related to the antigen presentation function of many HLA genes. Although the HLA-E molecule does present peptides, and its encoded gene is located between two of the most variable human genes (HLA-A and HLA-C) (Beck et al., 1999; Shiina et al., 2009) , the HLA-E locus presented low genetic variability and limited encoded protein diversity in worldwide populations, including Brazil. This low polymorphism have already been reported in different populations (Felício et al., 2014; Pyo et al., 2006; Castelli et al., 2015; Olieslagers et al., 2017; Pratheek et al., 2014) , but the complete gene variability (including the 5′ upstream promoter) has never been assessed in an admixed population such as Brazilians, reinforcing its low protein diversity.
Here we sequenced approximately 7 kb encompassing the HLA-E locus and surrounding sequences, in 420 Brazilians from the São Paulo state, Southeast Brazil. We have found 30 new variable sites along the coding segment (tagged with a letter "C" at Tables 1 and 2) tracked by the official HLA database (the IPD-IMGT/HLA database). Many of these new variable sites were detected as singletons (occurred only in one individual in a heterozygous state) and most of them were not included in the haplotype analysis for reasons previously described in the results section (Table 2) . However, this pronounced number of singletons disagrees with what has previously been observed for three other HLA genes, HLA-A (unpublished data), HLA-G (Castelli et al., 2017) and HLA-F (Lima et al., 2016) , in this same population sample.
One may consider that this pronounced number of singletons is related to technical and/or genotype errors. However, reads were mapped against the reference genome by using the hla-mapper software, which takes into account known HLA-E sequences to optimize read mapping (Lima et al., 2016; Castelli et al., 2017) . All these new variable sites were manually inspected and the proportion of reads indicating each allele was indeed around 50%. Sequencing was performed targeting a minimum coverage of at least 500. Therefore, in view of this scenario, it is rational to downplay mapping bias and genotyping errors, and also to consider these singletons as true HLA-E variable sites. In addition, most of these singletons do characterize synonymous mutations in exons or variable sites in introns, which is in a Haplotype names were given according to the closest official HLA-E allele followed by the differences/divergences that were observed for this given haplotype. The segment that is considered by the IMGT/HLA database starts on nucleotide −300 up to nucleotide +3522. The word "compatible" indicates that the sequence found in Brazil is compatible with the sequence defined by the IPD-IMGT/HLA database, but these alleles are only partially characterized on the IMGT/HLA database. b The encoded HLA-E molecule considering the full-length mRNA encoded by this haplotype. c The variable sites at positions −113, −105, +971, +990, +1194, +1278, +1322, +2269, +2937, +2945, +3447, 3468 and +3490 are not currently described at the IPD-IMGT/HLA database, version 3.29.0.
Table 5
List of haplotypes at the HLA-E 3′ untranslated region (exon 8) detected in a Brazilian population sample.
a Haplotype were named following the same pattern proposed in a previous HLA-E study b The position was calculated following the pattern used by the IPD-IMGT/HLA database, i.e, nucleotide +1 is the Adenine of the first translated ATG. c The alternative alleles are represented with a grey background. agreement with the evidences of purifying selection already reported for HLA-E (Felício et al., 2014; Veiga-Castelli et al., 2012a; Castelli et al., 2015) . In fact, only two singletons at Table 2 characterize nonsynonymous mutations, thus encoding new HLA-E molecules. Finally, many of these singletons have already been reported at the 1000 genomes database, phase 3.
The HLA-E variability in the 5′upstream segment
The 5′ upstream region was firstly characterized here and its variability pattern is discussed below. This segment encompasses 2 kb upstream the first translated ATG and includes the distal and proximal promoter, and the 5′UTR. As far as we know, this is the first characterization of a continuous long segment upstream the HLA-E locus using a large sample size of an admixed population.
The 5′ upstream segment was quite variable when compared with the coding and 3′UTR regions. In fact, it presented the highest nucleotide diversity. Considering a previous study by Pyo and colleagues, who evaluated a similar extended HLA-E segment in 33 DNA samples (Pyo et al., 2006) , and previous studies from our group, in which African samples were evaluated regarding the HLA-E coding and 3′UTR variability by next generation sequencing and Brazilian samples were evaluated regarding the proximal promoter variability by conventional sequencing (Veiga-Castelli et al., 2015) , the majority of the haplotypes detected for the HLA-E upstream segment (Table 3) is here described for the first time. Although the HLA-E 5′ upstream segment presented the highest nucleotide diversity, there are many low frequency variants within this segment, and few variable sites are truly polymorphic (MAF greater than 1%). The large number of low-frequency variants explains the large number of low-frequency haplotypes for this segment. Interestingly, a single haplotype (E-Promo-01) presents a frequency of about 40%. Moreover, only twelve variable sites are observed within the haplotypes that reached frequencies higher than 1%. The frequent variants are concentrated upstream position −1389, and mostly low frequency variants were detected in the proximal HLA-E promoter (exception made for position −104). In fact, the number of variable sites increases with the distance from the translation start point. In addition, most of the promoter variable sites detected in Brazil were also described by the 1000 Genomes database, phase 3 (Auton et al., 2015) .
Therefore, there is a highly conserved sequence at a segment encompassing the 200 nucleotides upstream the first translated ATG, which matches with the core and proximal promoters, where the transcription machinery should bind. This conservation may be related to a tight regulation mechanism characteristic of the HLA-E gene, and, therefore, this proximal promoter may be under strong purifying selection. The only exception here is position −104, but there are no functional studies evaluating the impact of a mutation at position −104 on the HLA-E expression pattern.
This low variability at the proximal promoter has been previously observed (Veiga-Castelli et al., 2015) in a different Brazilian sample using Sanger sequencing. However, the aforementioned study could not evaluate the extended promoter since the sequencing reaction was impaired upstream position −440 because of the presence of a doublestranded branch formation. With the methodology here described, we evaluated more than 1 kb upstream this position, revealing only one variable site from position −440 to −900. However, many low quality and greatly unbalanced variable sites were detected within 3 Alu elements that occur between positions −1389 and −104 (Fig. 2 ). These variable sites were then manually inspected and further removed because it was unlikely that they represent true variable sites, but it is possible that the low nucleotide complexity of this segment and the double-stranded branch formation previously reported may also impair NGS procedures, underestimating variability in this segment.
Although the proximal and core HLA-E promoters are quite conserved, further investigation is needed to evaluate whether the variable sites in the distal promoter, and even the few variable sites in the proximal promoter, would influence the binding of transcriptional factors. In fact, considering the ENCODE project data (Dunham et al., 2012) , while the region encompassing the variable site −104 (which is the only frequent one here) seems to be quite active, there are no regulatory site within the HLA-E segment between nucleotides −2143 and −378. Nevertheless, further studies are needed to better understand the impact of the promoter variability on the HLA-E expression profile and function.
The HLA-E variability in the coding segment
The lowest nucleotide diversity was found in the HLA-E coding region. Although 27 different haplotypes were detected, they encode mainly two protein molecules, known as E*01:01 and E*01:03; similar phenomenon has been observed in different studies, with different methods and population samples (Carvalho dos Santos et al., 2013; Felício et al., 2014; Veiga-Castelli et al., 2012a; Pyo et al., 2006; Castelli et al., 2015; Olieslagers et al., 2017; Grimsley and Ober, 1997) . This molecule conservation may be strongly associated with the HLA-E function in the immune system. HLA-E binds and presents a restricted peptide repertoire, mostly peptides derived from HLA class I leader sequences (Pietra et al., 2009; Borrego et al., 1998; Llano et al., 1998; Lauterbach et al., 2015a; Lauterbach et al., 2015b) , which are, in turn, also quite conserved. In addition, some viral and tumor peptides that are similar to the HLA class I signal sequences can also bind to HLA-E (Morandi and Pistoia, 2014; Halenius et al., 2015; Wolpert et al., 2012; Bossard et al., 2012; Gong et al., 2012; Li et al., 2013; Jørgensen et al., 2012) .
Besides this protein conservation, we demonstrated here that the HLA-E locus does present a number of coding alleles far higher from our current knowledge when the IPD-IMGT/HLA database is taken into account (Table 4) . Among the sequences detected here but not described in the aforementioned database, nine have been previously described in at least one of the following studies addressing HLA-E variability: African samples using NGS , different Brazilian samples using conventional sequencing (Felício et al., 2014; Veiga-Castelli et al., 2012b) and the 1000 Genomes database (1kgen), phase 3 (Auton et al., 2015) . Among these sequences, we may found (a) E*01:01:01:01 (+1278T) , with two copies in the 1000 Genomes (1kgen) database and a frequency of 4% in Susu from Guinea-Conakry. Thus, although we have not cloned and sequenced them in a conventional manner, we may consider that at least 9 out of the 13 new alleles here detected are true HLA-E alleles. In addition, the 5 new alleles that have not been previously detected (the majority of which presenting singletons) were manually inspected. The variable sites that characterize these new alleles were detected as balanced genotypes (about 50% of reads for each allele) in segments presenting a minimum coverage of 100 reads. Besides these new HLA-E alleles, they encode the same E*01:01 or E*01:03 molecules (Table 4) , since they harbor mutations in introns or untranslated segments. Notwithstanding that, despite the larger number of different HLA-E alleles here reported, HLA-E is still the most conserved HLA gene in the class I region, since the E*01:01 and E*01:03 molecule types are encoded by about 99% of all HLA-E sequences.
The HLA-E variability in the 3′untranslated region
Variable sites in the 3′UTR segment may influence gene expression, mainly because different mRNA 3′UTR sequences may bind differently to microRNAs (Bartel, 2009) , for instance. Here we report the HLA-E 3′UTR variability and haplotypes, and the relationship among these haplotypes with promoter and coding sequences, in a very admixed sample. Some haplotypes, such as 3UTR-8 to 3UTR-14 (Table 5 ), have not been described so far, while other, such as 3UTR-1 to 3UTR-5, have been previously described in African samples . These shared haplotypes are the most frequent ones in our sample and do represent 98.57% of all sequences.
This study corroborates the previously reported weak association between specific HLA-E coding alleles and 3′UTR haplotypes (Felício et al., 2014; Castelli et al., 2015) . For instance, haplotypes 3UTR-1 and 3UTR-2 (which are the most frequent ones) are associated with alleles encoding either E*01:01 or E*01:03 (Table 6 ). However, specific associations may also occur, such as 3UTR-4 and E*01:03:02:01, but this allele may present other 3′UTR haplotypes.
Although twelve 3′UTR haplotypes have been detected here, 3UTR-1 and 3UTR-2 represent almost 90% of all sequences, and they differ from each other by only one variable site. Thus, similarly to what has been observed for the HLA-E coding region, the 3′UTR is quite conserved. In fact, it presents the lowest haplotype diversity observed for HLA-E. The lack of variability in the 3′UTR segment might provide a straightforward link between functional knowledge and population variation, providing evidence for the importance of this segment to a proper HLA-E expression profile. This probably occurs due to a mechanism that involves the binding of specific microRNAs that should not be influenced by variable sites, or the opposite (not binding microRNAs at all), since HLA-E is expressed in a variety of tissues expressing different microRNAs. It is interesting to note that the only frequent variable site within the 3′UTR segment occurs at position +3777, which coincides with the poly Adenine tail of a known Alu element ( Fig. 2A ) and, theoretically, should not bind any microRNA. Nevertheless, when comparing the HLA-E 3′UTR data with the 3′UTR data of another non classical HLA gene, HLA-G, from a similar sample (Castelli et al., 2017) , we noticed that the nucleotide diversity in HLA-E is 60 times lower than HLA-G, mainly because HLA-E presents one of the largest HLA 3′UTR segment, but only one frequent variable site is detected there. It is possible that this segment is under purifying selection, which would be in agreement with the negative Tajima's D detected for this segment (−1.16444). Likewise, a negative and significant Tajima's D was observed for the HLA-E 3′UTR for another Brazilian sample evaluated by conventional sequencing (Felício et al., 2014) . Nevertheless, functional studies are necessary to evaluate if and which microRNAs would bind to the HLA-E mRNA 3′UTR.
The HLA-E variability in the extended HLA-E segment
Unlike what has been observed for other non classical HLA class I genes such as HLA-G and HLA-F (Lima et al., 2016; Castelli et al., 2017; Castelli et al., 2014; Castelli et al., 2011) , HLA-E does not present a strong LD along the entire gene (Fig. 2B) . It is possible that this weak LD might be a consequence of the presence of several Alu elements in the HLA-E region ( Fig. 2A) . Because of that, and differently from what has been observed for other non-classical HLA genes, there is no clear association among the HLA-E promoter, coding and 3′UTR haplotypes.
According to the UCSC Genome Browser (Kent et al., 2002) there are at least five Alu elements within the HLA-E segment considered here: three within the distal and proximal promoter, coinciding with the segment in which we did not detected polymorphisms, one within the coding region at intron 5 and one in the 3′UTR segment ( Fig. 2A) . Two of these Alu elements are in the forward HLA-E strand: one in the promoter segment, between nucleotides 30, 456,401 and 30,456,627 (positions −908 to −682) and the other in the 3′UTR segment, between 30,460,789 and 30,461,101 (positions +3480 to 3792) , according to the human genome draft version hg19. Comparing the LD plot and the location of these Alu elements (Fig. 2) , we may notice that they coincide with the breaks between the inferred segregation blocks (Fig. 2B ). Therefore, it is possible that the presence of these Alu elements is increasing the HLA-E recombination rate (Deininger, 2011) , which would explain the presence of so many extended haplotypes (Table 6 ) and the fact that the same promoter haplotypes are associated with different coding alleles.
Conclusion
Overall, this study introduces a new method to evaluate the entire HLA-E gene and its regulatory segments using massively parallel sequencing and freely available softwares, and present the full variability of the HLA-E gene in a highly admixed Brazilian population sample. The distal promoter was far the most variable segment, and the HLA-E protein conservation was reinforced by our data. HLA-E does not present the same pattern of LD observed for other non classical genes, possibly because of the presence of several Alu elements along the HLA-E segment. Thus, the same promoter and 3′UTR haplotypes were sometimes associated with different HLA-E coding haplotypes. The HLA-E 3′UTR is quite conserved, with only one frequent variable site.
